Abstract. It was previously reported that low-dose sphingosine-1-phosphate (S1P) enhanced endothelial barrier integrity, whereas high-dose S1P induced endothelial monolayer hyperpermeability responses. A number of studies have revealed the underlying molecular mechanisms of the physiological-dose of S1P on barrier-protective effect. However, little work has been performed to determine the effect of S1P-induced endothelial barrier responses. In the present study, the role of moesin phosphorylation in excessive S1P-induced endothelial hyperpermeability was investigated by western blotting, fluorescence staining and transendothelial electrical resistance detection. It was revealed that S1P induced moesin phosphorylation in a time-and concentration-dependent manner. In addition, it was confirmed that high-dose S1P-induced moesin phosphorylation occurred via S1P receptor 2 (S1PR2). Moesin phosphorylation was required for S1P-induced F-actin rearrangement and endothelial barrier disruption. The results suggested that the S1PR2-moesin axis is involved in high-dose S1P-induced endothelial barrier responses. The results of the present study may provide novel therapeutic targets for endothelial injury-associated vascular disorders.
Introduction
The vascular endothelium forms a semi-permeable barrier between blood and tissue compartments, and serves an important role in regulating vascular physiological functions. However, the disruption of the endothelial barrier, marked by an increased vascular permeability, contributes to the pathogenesis of various inflammatory disease processes (1) .
Sphingosine-1-phosphate (S1P), a bioactive sphingolipid abundant in plasma, is emerging as a potent modulator of a variety of biological functions in endothelial cells, including cell cytoskeleton regulation, cellular locomotion, angiogenesis and vascular maturation (2) . Thrombocyte was originally considered as the primary source of S1P (3) . However, previous work has suggested that the main source of plasma S1P is erythrocytes, which mediates the release of S1P independent of stimuli and may serve as a ʻbuffer systemʼ against S1P depletion (4) . The next candidate for non-hematopoietic derived S1P is endothelial cells, which contribute to 40% of plasma S1P in mice (5, 6) .
It was previously demonstrated that S1P may be protective in burn injury by enhancing the endothelial barrier function (7) . Mounting evidence has demonstrated that S1P mediates different cellular responses by interacting with S1P receptors (S1PRs). The primary receptors expressed in endothelial cells are S1PR1, S1PR2 and S1PR3 (8) . Among these, S1PR1 activates the Rac signaling pathway, which promotes vascular integrity (9) . By contrast, S1PR2 activates the Rho pathway and leads to disruption of endothelial barrier integrity. Previous studies have revealed that S1PR2 is an attractive target for the treatment of disorders of both macro-and micro-vasculature (2, 10, 11) . Kim et al (12) demonstrated that S1PR2 serves a critical role in the disruption of cerebrovascular integrity in experimental stroke models. Evidence has demonstrated that S1PR2 serves a key role in the permeability and inflammatory responses of the vascular endothelium during endotoxemia (13) . It was previously reported that low-dose S1P enhanced endothelial barrier integrity through S1PR1, whereas high-dose S1P induced endothelial hyperpermeability via S1PR2 (14) . Consistently, Sammani et al (15) revealed the therapeutic effects of S1PR1 in ameliorating inflammatory lung injury, whereas by contrast, the activation of S1PR2 or S1PR3 induced significant alveolar and vascular barrier disruption.
Ezrin, radixin and moesin (ERM) proteins organize the cortical cytoskeleton by linking filamentous actin to the plasma membrane. S1P promotes ERM translocation to the cell periphery and its subsequent phosphorylation on a threonine residue (16 (18) . In the present study, it was questioned whether moesin phosphorylation was also involved in excessive S1P-induced endothelial barrier disruption. Therefore, the role of moesin phosphorylation in modulating high-dose S1P-induced endothelial hyperpermeability responses was investigated. The present study may contribute to the identification of novel drug targets for the treatment of vascular disorders. Cell culture. HUVECs were cultured in DMEM/F12 containing 10% FBS at 37˚C in a humidified atmosphere with 5% CO 2 and 95% air. In all experiments, HUVECs were grown to 90% confluence and starved of serum for 12 h. HUVECs were then stimulated with 10 µmol/l S1P for 0, 5, 10, 20, 40, 60 and 90 min, respectively. In order to study the effect dose effect, HUVECs were also stimulated with 0, 0.5, 1, 5 and 10 µmol/l S1P for 20 min. The following investigations were performed under S1P (10 µmol/l) treatment at 37˚C for 20 min; HUVECs treated with DMEM onlly were used as control. For detection of the effects on S1P receptors in HUVEC responses, specific antagonists of S1PR1 (10 µmol/l), S1PR2 (10 µmol/l) and S1PR3 (10 µmol/l) were each added to HUVECs at 37˚C for 30 min before the relevant S1P application.
Materials and methods

Reagents
Transfection of siRNA. HUVECs were seeded into 6 -well plates at 70 -80% conf luence. After 24 h, HUVECs were incubated at 37˚C with siRNA Mate Transfection reagent (Shanghai Gene Pharma Co., Ltd.) and siRNA targeting moesin (sense 5'-GGG AUG UCA ACU GAC CUA AdT dT-3' and antisense 5'-UUA GGU CAG UUG ACA UCC CdT dG-3'), or control nonsense siRNA (sense 5'-UUC UCC GAA CGU GUC ACG UUT dTdG-3' and antisense 5'-ACG UGA CAC GUU CGG AGA ATT dTdG-3'), according to the manufacturer's protocol. The transfected cells were harvested 48-72 h later.
Western blotting. Total cellular extracts were prepared using lysis buffer (20 mmol/l Tris at pH 7.4, 2.5 mmol/l EDTA, 1% Triton X-100, 1% deoxycholic acid, 0.1% SDS, 100 mmol/l NaCl, 10 mmol/l NaF and 1 mmol/l Na 3 VO 4 ) supplemented with protease and phosphatase inhibitors. Total proteins concentrations were measured by Bicinchoninic Acid assay, and then 30 µg of protein samples were subjected to 12% SDS-PAGE separation, and transferred onto polyvinylidene difluoride membranes. After blocking with 5% bovine serum albumin (BSA; GBCBIO Technologies, Inc., Guangdong, China), the membranes were incubated with primary antibodies against p-moesin, moesin and β-actin at 1:1,000 dilution at 4˚C overnight, with agitation. Following washing three times with TBST containing 0.1% Tween-20 (each time for 10 min), membranes were probed with an HRP-conjugated rabbit anti-mouse or goat anti-rabbit IgG antibody according to the source of the primary antibody at 1:8,000 dilution at room temperature for 1 h. After washing the membrane three times with TBST for 10 min each time, the protein bands were visualized using a chemiluminescence reagent (EMD Millipore, Billerica, MA, USA). Images were acquired using a Kodak IS4000R Imaging instrument (Kodak, Rochester, NY, USA), and then densitometric analysis was performed using ImageJ version 1.48i (National Institutes of Health, Bethesda, MD, USA).
Fluorescence staining. The distribution of the cytoskeletal F-actin in HUVECs was determined. HUVECs were plated on gelatin-coated glass-bottom microwell plates (MatTek Corporation, MA, USA) and cultured until 70-80% confluent. Cells were transfected with moesin siRNA or control nonsense siRNA, which was followed by further treatment with or without S1P. The untransfected cells treated with DMEM alone were used as control. Then, the medium was removed, and the cells were washed with PBS and permeabilized for 15 min at room temperature in PBS containing 3.7% formaldehyde and 0.5% Triton X-100. Subsequently, cells were washed with PBS twice and blocked in 5% BSA at room temperature for 1 h. After a thorough wash in PBS, the cells were stained with a conjugated rhodamine-phalloidin antibody (2 U ml -1 ) at room temperature for 1 h. Cells were further incubated with diamidino-2-phenylindole (DAPI; 1:1,000) at room temperature for 15 min and then washed with PBS again. DAPI was used to stain nuclear DNA. The staining results were imaged using a Zeiss LSM780 laser confocal scanning microscope (Zeiss GmbH, Jena, Germany), and analyzed using ImageJ version 1.48i (National Institutes of Health).
Transendothelial electrical resistance (TER)
. TER of the HUVEC monolayer was determined using a STX2 electrode and EVOM 2 meter according to the manufacturer's protocol (World Precision Instruments, Sarasota, FL, USA) (19) . Briefly, HUVECs were seeded at 0.5x10 5 /well in gelatin-coated, 6.5 mm Transwell filters (0.4-mm pore size) until confluent. Resistance values of multiple Transwell inserts within an experimental group were measured sequentially and the mean was expressed in the common unit (Ωcm 2 ) after subtraction of the value of a blank cell-free filter.
Statistical analysis. All data are expressed as the mean ± standard deviation from at least three independent experiments and analyzed using SPSS version 16.0 software (SPSS, Inc., Chicago, IL, USA). Statistical comparisons were performed using a one-way analysis of variance with Bonferroni post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
S1P induces moesin phosphorylation in HUVECs.
Previously published results suggested that moesin is phosphorylated in AGE-induced endothelial barrier dysfunction (18, 20) . To determine whether moesin phosphorylation serves a role in S1P-mediated endothelial hyperpermeability, moesin phosphorylation levels were measured after S1P treatment. HUVECs were incubated with a high dose of S1P (10 µmol/l) for different durations, and then p-moesin expression levels were determined by western blotting. The results demonstrated that phosphorylation of moesin was significantly enhanced after a 5-min S1P treatment compared with untreated cells, and gradually reached a peak at 20 min, before the expression decreased to a relatively stable level until 90 min S1P stimulation (Fig. 1A) . The influence of S1P treatment at different doses on moesin phosphorylation were also investigated in endothelial cells after S1P incubation for 20 min. It was demonstrated that the phosphorylation levels of moesin were significantly increased by S1P in a concentration-dependent manner compared with untreated cells, ranging from 0.5 to 10 µmol/l (Fig. 1B) . These results suggested that S1P induces moesin phosphorylation in a time-and dose-dependent manner.
High-dose S1P mediates moesin phosphorylation via S1PR2. It was previously demonstrated that low-dose S1P (0.5-1 µmol/l) enhances endothelial barrier integrity via S1PR1, whereas high-dose S1P (5-10 µmol/l) induced endothelial monolayer hyperpermeability responses via S1PR2 (14) . Given that moesin phosphorylation is involved in endothelial barrier disruption, it was questioned whether S1PR2 is required for S1P-induced moesin phosphorylation. Thus, HUVECs were subjected to S1P treatment (10 µmol/l) for 20 min. In order to confirm the effects of different S1PRs, specific S1PR antagonists were used. Pretreatment of the S1PR2 antagonist (JTE013) significantly attenuated moesin phosphorylation compared with the S1P group. However, the S1PR1 antagonist (W146) and S1PR3 antagonist (CAY10444) did not affect high-dose S1P-induced moesin phosphorylation (Fig. 2) . This suggested that S1PR2 is required to enhance moesin phosphorylation induced by high-doses of S1P.
Moesin phosphorylation is involved in high-dose S1P-induced endothelial barrier dysfunction.
To determine whether moesin phosphorylation is involved in high-dose S1P-induced responses in endothelial cells, siRNA targeting moesin was used. HUVECs transfected with moesin siRNA exhibited significantly reduced moesin expression levels compared with untransfected control cells, whereas negative control siRNA had no effect on moesin expression (Fig. 3A) . Consistent with the above findings, high-dose S1P increased moesin phosphorylation, however, knockdown of moesin reduced the levels of phosphorylated moesin in HUVECs treated with high-dose S1P (Fig. 3B) .
Next, it was determined whether moesin phosphorylation was involved in the structural and functional changes in high-dose S1P-treated endothelial cells. The role of moesin in modulating endothelial cell structural responses induced by S1P was examined by visualizing the distribution of F-actin (Fig. 4A) . When compared with the control, the application of high-dose S1P resulted in the disorganization of F-actin and the formation of stress fibers, as well as the opening of intercellular gaps (panel 2 in Fig. 4A ). This effect was markedly attenuated by moesin siRNA (panel 4 in Fig. 4A ), while the application of 10 µmol/l S1P in control siRNA-treated cells caused the same polymerization of F-actin and formation of stress fibers (panel 6 in Fig. 4A ) as S1P-treated alone. No significant alterations were observed in the moesin siRNA or the control siRNA groups. These results suggested that moesin may have a critical role in mediating F-actin rearrangement induced by high-dose S1P.
To further confirm the effect of moesin on S1P-induced endothelial barrier responses, a TER test was performed (Fig. 4B) . The monolayer TER was measured intermittently within 90 min. Accordingly, compared with control group, the S1P-treated and S1P+NC siRNA groups exhibited a significant decrease in the TER value and reached a plateau at 20 min, and then restored to a level lower than 0 min in the later stage. Pretreatment with moesin siRNA attenuated the S1P-induced decline in TER and the value at 90 min was similar to the value to 0 min. No significant differences were observed between the TER value in the moesin siRNA group or the NC siRNA group. Taken together, it was concluded that moesin phosphorylation serves an important role in S1P-induced F-actin rearrangement and endothelial barrier disruption.
Discussion
Physiological plasma levels of circulating S1P are vasculoprotective, whereas abnormal activation of S1P signaling is associated with a diverse range of diseases, including diabetes, fibrosis and cancer (21, 22) . In certain pathological conditions, the serum S1P concentration may be increased and contribute to vascular hyperpermeability responses. It was previously demonstrated that physiological concentrations of S1P, ranging from 0.1 to 1 µmol/l, contribute to endothelial barrier-protective responses via S1PR1. By contrast, high concentrations of S1P (>5 µmol/l) hampers endothelial barrier integrity via S1PR2 (14) . The underlying molecular mechanisms of the protective role of physiological-dose S1P in endothelial integrity enhancement have been widely reported (23) (24) (25) (26) . However, signaling pathways underlying high-dose S1P-induced endothelial barrier dysfunction remains to be fully clarified.
Moesin is the primary ERM protein expressed in endothelium. Phosphorylation of moesin is critically implicated in endothelial barrier dysfunction. Previously, the role of moesin phosphorylation in AGE-induced endothelial hyperpermeability was described (18) . The present study investigated the effect of moesin phosphorylation on excessive S1P-induced endothelial barrier responses. S1P induced significant moesin phosphorylation in a time-and dose-dependent manner. High-dose S1P induced sustained threonine phosphorylation of moesin, which reached maximum levels at 20 min and remained elevated for ≥90 min. These results were consistent with the prior observation that physiological doses of S1P induced a significant elevation in moesin phosphorylation (27) . However, an S1PR1 specific agonist, SEW2871, had no effect on moesin phosphorylation (27) . In addition, siRNA depletion of S1PR1 failed to attenuate S1P-induced ERM phosphorylation, whereas antagonists for S1PR2 (JTE013) or S1PR3 (CAY10444) exhibited dramatic decrease of ERM phosphorylation (27) . These results suggested that S1PR2 and/or S1PR3, but not S1PR1, are likely to participate in S1P-induced moesin phosphorylation. In the present study, it was demonstrated that the S1PR2 antagonist, but not S1PR1 or S1PR3 antagonists, abolished the effect of S1P on moesin phosphorylation. These results suggested that high-dose S1P induced moesin phosphorylation via S1PR2 rather than S1PR1 or S1PR3. Furthermore, moesin depletion ameliorated S1P-induced F-actin rearrangement and stress fiber formation, as well as endothelial barrier disruption. Collectively, the data suggested that high-dose S1P induced moesin phosphorylation via S1PR2, and thus mediated endothelial barrier disruption responses. These findings were consistent with a previous report that suggested that S1P-induced cytoskeletal rearrangement was dependent on ERM phosphorylation, with the involvement of S1PR2 (28) .
The discrepant effect between low-and high-dose S1P may result from the different roles of S1PRs and ERM proteins. The basic expression level of S1PR2 in endothelial cells was much lower than S1PR1 and S1PR3 (29) . A previous study demonstrated that physiological doses of S1P enhanced the TER of the endothelial monolayer, whereas an S1PR1 antagonist significantly attenuated this effect (14) . By contrast, high-dose S1P triggered a decrease in the TER value, whereas Figure 1 . S1P induces moesin phosphorylation in a time-and concentration-dependent manner. HUVECs were treated with (A) 10 µmol/l S1P for the indicated times or (B) stimulated with S1P at the indicated doses for 20 min. The expression levels of threonine-phosphorylated moesin or total moesin were examined using western blot analysis. The results are expressed in mean ± standard deviation from three independent experiments. ** P<0.01 vs. untreated control. p-phosphorylated; S1P, sphingosine-1-phosphate. Figure 2 . Involvement of S1PR2 in high-dose S1P-induced moesin phosphorylation. HUVECs were pretreated with either each of the S1PR1, S1PR2 or S1PR3 antagonists for 30 min, or without antagonist treatment, prior to the addition of 10 µmol/l S1P for 20 min. p-moesin or total moesin was examined using western blot analysis. The results are expressed as the mean ± standard deviation from three independent experiments. ** P<0.01 vs. untreated control; # P<0.05 vs. S1P. p-, phosphorylated; S1P, sphingosine-1-phosphate; W+S1P, S1PR1 antagonist W146 and sphingosine-1-phosphate; J+S1P, S1PR2 antagonist JTE013 and sphingosine-1-phosphate; C+S1P, S1PR3 antagonist CAY10444 and sphingosine-1-phosphate; S1PR1, sphingosine-1-phosphate receptor 1; S1PR2, sphingosine-1-phosphate receptor 2; S1PR3, sphingosine-1-phosphate receptor 3.
an S1PR2 inhibitor partially ameliorated this effect (14) . Therefore, the present study hypothesized that when low-dose S1P encountered those receptors, most of which may bind to S1PR1, prominently mediating a barrier-protective effect. However, when high-dose S1P overwhelmed these receptors, more S1PR2 and S1PR3 were activated and exerted the opposite effect. It was previously unveiled that Rho-associated protein kinase (ROCK) activation served an important role in high-dose S1P-mediated endothelial hyperpermeability through S1PR2 (27) . In addition, ROCK activation was Role of moesin phosphorylation in high-dose S1P-induced endothelial hyperpermeability. HUVECs were untreated (control) or treated with NC siRNA or moesin siRNA, and then stimulated with or without S1P. (A) Cells were fixed and immunofluorescent staining was performed. Cells were probed with rodamine-phalloidin to detect actin filaments (red, marked with white arrows) and with DAPI to label the nucleus (blue). Scale bar, 30 µm. Results are representative of three independent experiments. (B) TER was examined with an EVOM 2 meter and a STX2 electrode. The results are expressed as the mean ± standard deviation from three independent experiments. * P<0.05 vs. untreated control. S1P, sphingosine-1-phosphate; NC, negative control; siRNA, small interfering RNA; TER, transendothelial electrical resistance.
indispensable for AGE-induced moesin phosphorylation (18) . Thus, it was speculated that moesin may act as a downstream molecule of the S1PR2-ROCK axis and mediate high-dose S1P-induced endothelial barrier disruption.
How individual ERM proteins differentially regulate endothelial barrier requires further investigation. Adyshev et al (27) reported that transfection with either radixin or pan-ERM markedly ameliorated physiological-dose S1P-mediated endothelial barrier enhancement. Ezrin depletion partially attenuated S1P-induced endothelial barrier enhancement and cytoskeletal alterations (27) . Moesin was phosphorylated under physiological doses of S1P stimulation; however, the depletion of moesin contributed to the elevated TER value (27) . In the present study, it was demonstrated that moesin phosphorylation resulted in high-dose S1P-induced F-actin polymerization, stress fiber formation and endothelial barrier dysfunction, which were dependent on S1PR2.
Taken together, it is possible that under low-dose S1P treatment, radixin serves a key barrier-enhancing role and this process may be associated with S1PR1. Whereas under excessive S1P stimulation, S1PR2 was dominantly activated and mediated moesin-exerted endothelial barrier disruption, and this process may be associated with ROCK activation.
It should be noted that the present study only examined the effect of excessive S1P on endothelial integrity in vitro, and it has not yet been investigated in vivo. In an LPS-induced murine model of acute lung injury, intravenous injection of S1P (85 µg/kg) significantly rescued vascular leak (30) . However, the specific high dose of S1P for in vivo study remains to be investigated. As reported previously, the effectiveness of high-dose S1P may be more complex in vivo, as S1PR2 expression was upregulated in certain inflammatory conditions (29) . The possibility exists that excessive S1P combines with inducible S1PR2 and exacerbates inflammatory responses. The authors of the present study intend to investigate whether excessive S1P functions synergistically with inflammatory mediators such as lipopolysaccharide-binding protein or tumor necrosis factor-α.
In conclusion, the present study suggested that induction of moesin phosphorylation by excessive S1P occurs through S1PR2 and further induces endothelial barrier damage responses. The findings further highlighted the potential utility of a pharmacological target of the S1PR2-moesin axis in vascular barrier dysfunction.
